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SUMMARY

Aureole 2 rocket 31973—1073) was launched on 26 December 1973 into an
orbit of inclination 74, and eccentricity 0.1 and has an estimated lifetime of
30 years. The orbit has been determined from observations for 90 epochs between
September 1983 and December 1984, during which time the orbit was expected to be
influenced significantly by the effects of 27:2 resonance with the Earth's gravi-
tational field; exact resonance occurred on 28 April 1984. <The-observations
numbered nearly 7400, of which 344 were from the Hewitt cameras of the University
of Aston which are sited at Herstmonceux in England, and Siding Spring in
Australia. The orbital inclination and eccentricity of the orbits derived had
standard deviations corresponding on average to positional accuracies of 130 m
cross-track and 80 m in perigee distance,

The variations in inclination and eccentricity have been analysed individu-
ally to determine values of two pairs of lumped harmonics of order 27 from each
parameter; when these parameters were fitted simultaneously they gave three pairs
of harmonics with standard deviations corresponding to accuracies of approximately
2.5 cm in geoid height. -
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1 INTRODUCTION

When the satellite Aureole 2 was launched on 26 December 1973, its rocket,
designated 1973-107B, entered an orbit with an estimated lifetime of 30 years.
The rocket is cylindrical in shape, 7.4 m long with a diameter of 2.4 m, and has
a mass of about 2200 kg. 1Its initial orbital parametersl were: inclination 74.01°,
perigee and apogee heights 396 and 1965 km respectively, and nodal period
109.02 min.

In April 1984, Aureole 2 rocket passed through the condirion of 277 reson-
ance, Ze¢ the track over the Earth repeated every 2 days after 27 revolutions. If
the passage through resonance of an orbiting body is slow enough, the effects of
27th-order harmonics in the geopotential can build up and result in an appreciable
perturbation to some of the orbital elements. Thus measurement of these resultant
perturbations provides a good method for accurately determining the appropriate
lumped geopotential harmonics. The aim of this Report is to compute accurate
orbits from observations made during the time when the 27:2 resonance with the
geopotential was affecting the orbit and to evaluate lumped geopotential harmonics
of order 27 from the changes they produced in the orbital inclination and eccen-
tricity; this is the first occasion on which 27th-order harmonics have been
obtained from resonant satellite orbit analysis. The orbit was determined
between September 1983 and December 1984 from radar and optical observations

using the RAE orbit refinement program PROP, in the PROP6 versionz.

2 OBSERVATIONS AND ORBITS

2.1 Data sources

The orbit of 1973-107B has been determined at 90 epochs between 18 September
1983 and 22 December 1984 from 7383 observations, not including those rejected in

the orbit determinations.

These observations came from four different sources, the most accurate being
those from the University of Aston's Hewitt cameras at the Royal Greenwich
Observatory, Herstmonceux, and at Siding Spring in Australia; 344 of these obser-
vations were used in 27 of the 90 orbits. The second group consisted of 496
visual observations made by volunteer observers reporting to the Earth Satellite
Research Unit at the University of Aston. The third and largest group, of 4200
radar observations, were made by the US Navy Navspasur system, kindly supplied by
the US Naval Research Laboratory and the fourth group consisted of 2343 radar

observations from the tracking station at RAF Fylingaales.




2.2 Observational accuracy

The rms residuals of the observations have been calculated using the RAE

computer program 0RES3, and have been distributed to the observers. Table |

gives the residuals for selected observing stations with at least five observa-
tions accepted in the final orbit determinations. The US Navy observations from
station 29 are geocentric, and if they were given in the same form as the topo-

centric observations, their angular rms residuals would increase by a factor of

Table 1

Residuals for selected stations

Rms residuals
Number of
Station accept?d Range Minutes of arc
observations Km
RA Dec Total

1 US Navy 497 1.5 1.3 2.0
2 US Navy 441 3.3 3.1 4.5
3 US Navy 456 3.0 2.3 3.8
4 US Navy 461 3.3 2.4 4.1
5 US Navy 481 2.2 1.9 2.9
6 US Navy 516 1.6 1.5 2.2

29 US Navy 1348 0.6 0.2% | 0.2%

414 Capetown 39(37) 1.2 | 1.4 1.8
2115  Yateley 15(13) 4.3 3.1 5.3
2122 Malvern 5 6(6) 2.4 2.1 3.2
2265 Farnham 61(55) 2.5 2.3 3.4
2392  Cowbeech 7(7) 0.6 1.7 1.8
2414 Bournemouth 173(152) 2.4 2.6 3.5
2418  Sunningdale 13(10) 0.9 2.2 2.4
2420 Willowbrae 82(75) 2.7 2.8 3.9
2430 Stevenage 4 13(11) 0.7 2.1 2.2
2539 Dymchurch 31(28) 1.3 1.2 1.7
2657 Bridgwater 14(13) 1.6 2.0 2.5
2659 Herstmonceux 37| 219(203) 0.06 | 0.05{ 0.08
4156  Apeldoorn 5(5) 1.7 2.2 2.7
4160 Achel 1 9(9) 5.4 3.7 6.5
8517 Sacramento 15(14) 2.9 3.5 4.6
9652 Siding Springt 125(117) 0.07 | 0.07 | 0.10
* Geocentric + Hewitt cameras

NB Figures in brackets indicate the number of observations used to calculate
the rms residuals; Ze those observations with residuals less than twice the
rms value.
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between 5 and 10. In calculating the rms residuals for the visual observers,
observations with residuals greater than twice the rms have been omitted, the
numbers used being shown in brackets. This gives a truer impression of the nor-
mal accuracy of the observer, as it eliminates observations marred by poor visi-

bility and possible deficiencies in orbital fitting.

The rms residuals of the Hewitt cameras are 5 seconds of arc from 203
observations by the Herstmonceux camera and 6 seconds of arc from 117 observa-
tions by the Siding Spring camera. Since the residuals combine the orbital and
observational errors, and the orbital model is less accurate thau the observa-
tions, the observational errors of the Hewitt cameras are likely to be less th-a
their rms residuals, and 2 seconds of arc would be an accuracy consistent with

the results.

2.3 Orbits and ~rbital accuracy

Orbits were determined using RAE's orbit refinement program PROP, in the
PROP6 version, and orbital elements at the 90 epochs together with their stan-
dard deviations are listed in Table 2 on page 16. The epoch for each orbit is
at 00 hours on the day indicated, and the PROP program fits the mean anomaly M

by a polynomial of the form

2 3
M = I{O+M]t+Mzt +M3t +M4t +M5t: , (1)
where t 1s the time measured from epoch and the number of M-coefficients used
depends on the drag. For 1973 107B, with orbital eccentricity approximately 0.1,
and perigee and apogee heights of about 400 and 1700 km respectively, MO - M2
were sufficient for 87 of the 90 orbits. The other three orbits required the use

of coefficients M, - M

The value of ¢ , the parameter which indicates the measure of fit of the
observations to the orbit, varied between 0.33 and 0.83 with an average value of
0.56, showing that all of the orbits were fitted satisfactorily. The average
number of observations in an orbit determination was 82, spread over a time

interval averaging 4.9 days.

The average standard deviation in eccentricity e for the 90 orbits is
0.000011, equivalent to an error in perigee distance of 80 m; the average for the
27 orbits containing Hewitt camera observations was 0.000008. The perigee dis-
tances Q = a(l - e) from Table 2 are plotted in Fig 1, and exhibit the usual

sinusoidal oscillations dependent on the argument of perigee, w ; also plotted
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in Fig 1, but on a larger scale, are the values of Q' , the perigee distance

after removal of lunisolar and zonal harmonic perturbations.

.. .. . . . . o
The mean standard deviation in inclination for the 90 orbits is 0.0010,

corresponding to an error of 130 m in cross-track distance; for the 27 orbits

containing Hewitt camera observations the accuracy is again better, the average

standard deviation being 0.0008°.

3 THEORY FOR THE RESONANCE EFFECTS

The theory has been g'ven in detail in Ref 4 and will only be summarized
here. The longitude-dependent part of the geopotential at an exterior point

(r,8,)A) is written as5

© g
L R . m - = .
T (;) P2 (cos ©) sz cos mh + Sﬂm sin mX Nlm s (2)

=2 m=1

where r 1is the distance from the Earth's centre, 6 1is co~latitude, X 1is
longitude (positive to the east), p 1is the gravitational constant for the
Earth (398600 km3/sz), R 1is the Earth's equatorial radius (6378.1 km),

P? (cos ) 1is the associated Legendre function of order m and degree £ , and

Clm and glm are the normalized tesseral harmonic coefficients, of which only
those of order m = 27 are relevant here. The normalizing factor sz is
given by
2 228 + DL~ m)!
NRm - (2 + m)! ) (3

The rate of change of inclination 1 caused by a relevant pair of coef-

. . = . 4 ., .
ficients, sz and Szm , near f:a resonance may be written (ignoring terms

of order e”) as

di n (R L

- ';) Flmpclpq

. _ R=m+] - _ :3 fe _
T T3 (k cos i m)ﬁE (c iS, ) exp{j(ye qw)}] ,

2m

where ilmp is Allan's normalized inclination function6, Gzpq is a function
of eccentricity for which explicit forms and a computer program are given in
Ref 4, & denotes 'real part of' and j = V-1 . The resonance angle ¢ is

defined by the equation

¢ = alw + M + 8 -vVv) , (5)
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where w 1is the argument of perigee, M the mean anomaly,  the right ascen-
sion of the node and v the sidereal angle. The indices Yy, q, k and p in
equation (4) are integers, with y taking the values 1, 2, 3 ... and q the
values 0, #1, *2, ...; the equations linking £, m, k and p are: m = ¥R

k=ya=~q3; 2p=2-%k .

Here B =27 and o = 2 , and as we shall only consider the y =1 terms,
which are usually dominant, we have m = 27 and k = 2 - q . The values of &
to be taken must be such that £ 2m and (2 - k) is even. The successive
coefficients which arise (for given Yy and gq) may be grouped into a lumped

harmonic, written as

q,k q,k
c = q’k— c = q’k—
Cm § :Ql clm ’ Sm § QR Szm ? (6)

L L

where & 1increases in steps of 2 from its minimum permissible value 20 , and

the Ql are constant coefficients, with Q20 = 1 . The values of the Q2 can
be obtained from equation (4), and R.H. Gooding has written a computer program

PROF for their evaluation.

The rate of change of eccentricity produced by a relevant pair of

coefficients Clm and Slm near fR:a resonance may be written

de R ‘ - 1k +3q)e2 @ |4 m+l = ]

g€ . 2 g~ 2\k *q)€e : -3 : -

It n(a)F!meGqu S ] (Com = IS exp J(v¢ - qu)}
...... (7)

where terms of order e2 have again been ignored.

As the Glpq are of order eIql , it turns out that, for orbits of
eccentricity less than 0.1, the leading terms in equation (4) are those with
q=0 and q = t1 , while the main terms in {(7) are those with q = *! . These

are the only terms that will be evaluated in the analysis of 1973-107B.

The explicit forms of equations (4) and (7) are given in Ref 4 for the 31:2
and 29:2 resonances, but not for the 27:2 resonance. The equation for di/dt at

27:2 resonance, with q =0 and q = £l , is




di R 27 RY = _0,2 _0,2
i tl(;;) (;) F28,27,13G28,13,0(27 cosec 1~ 2 cot i) 527 sin % + C27 cos ¢

1,1 1,1
+ F27,27,13G27,]3,l(27 cosec i- Cotl){C27 sin(¢ - w) -527 cos(d ~ w)}
-1,3 -1,3

27 sin($ + w) —827

* F37,27,12807,12,-1 (37 coseci =3 cotz){c

cos{(d + w%

=1
A factor (1 -~ ez) ? should be introduced on the right-hand side if terms of order

e2 are required. The equation for de/dt , with q = *1 terms only, is

(LN =]

de 2270 1,1 1,1
dc (Z) T Fy7.27,13%7,13,1 | €27 sin(® - w) = 5, cos(e - w)

-1,3 -1,3

C sin(® + w) - 827

* F27,27,12(;27,12,-1{ 27 cos (% + “’)} - 9

Here, with vya =2 and q # 0, the factors that need to be introduced on the
right-hand side of (9) to take account of terms of order e2 are given by

{1 - e2(l + 1/q) + O(ea)} , from Ref 4. Thus for the first term in curly
brackets in (9) (q = 1), the factor is {1 ~ 2e2 + O(eA)} , and for the second
term (q = -1) , the factor is {! + O(ea)}

4 ANALYSIS OF THE VARIATIONS IN INCLINATION AND ECCENTRICITY

Ao Progress through resonance

Variations in & during the period covered by this study are shown in
Fig 2. The increase in ¢ , from about -10 deg/day through to +7 deg/day, pro-
ceeds quite steadily, but 1s rather slower after the exact resonance, which
occurs on 28 April 1984. Progress through resonance is not as slow as would
ideally be hoped for: it is 8 times faster than for the recent analysis7 of
1968-40B at 29:2 resonance, so the resulting perturbations and derived coef-

ficients cannot be expected to be so accurate as those obtained from 1968-40B.

4.2 Analysis of inclination

The raw values of inclination given in Table 2 need to be cleared of per-
turbations due to zonal harmonics and lunisolar effects: this has been done by *

use of the PROD computer program8 with integration at I-day ir* -rvals.

Perturbations due to the harmonic are recorded within each PROP run

J2,2
?
and have also been removed. Fig 3 shows the resulting values of 1 , with sd.

81006 ¥l
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These values of inclination were then fitted with the computer program
THROEQ, within which the effects of atmospheric rotation are also removed (the
value used for the atmospheric rotation rate A was 1.00, in conformity with
Ref 10). At first the fittings were made with all three pairs of values of (y,q)
in equation (4), that is, (y,q) = 71,0), (1,1) and (1l,-1), as in equation (8).
However, it was found that the values for (v,q) = (1,-1) were small and indeter-
minate, so these terms were dropped. It also became apparent from the THROE runs
that a number of the orbits fitted badly, as indeed is obvious from Fig 3. Values
of inclination which had residuals greater than 2¢ , where ¢ 1is the overall
measure of fit, were relaxed by doubling the standard deviation and, if necessary,
quadrupling it. Also the first four orbits were omitiec. As a result of these
procedures 12 values had their standard deviations doubled and two values had
quadrupled standard deviations. The fitting began at MJD 45628, covered 85 orbits
and ended at MJD 46051, the last orbit also being omitted, as it was ill-fitting.

The overall measure of fit, ¢ , was 1.17, which is quite satisfactory.

Although the simultaneous fitting of 1 and e will be preferred (see
section 4.4), the values of the (y,q) = (1,0) terms from the fitting of 1 alone
should be fairly satisfactory. They are:

92052 92052

= 2 + =
10 C27 22.4 £ 12.4 10 827 30.8 £ 10.2 . (10)

The 'hats' over the lumped harmonics indicate that these are the values emerging

from THROE, within which Glpo is replaced by an approximation Gqu . See
Ref 4 and section 4.4. (The values of (E,E);;l are not giver. 2z they are sub-

sidiary terms and are normally better determined frem e .)

4.3 Analysis of eccentricity

As the eccentricity of 1973-107B is quite large, and decreases appreciably
due to drag during the resonance, it is better to work with the perigee distance,
which is much less affected by drag. The lower graph in Fig | gives the raw
values of a(l - e) , showing the characteristic oscillation due to odd zonal
harmonics, which has an amplitude near 7 km. The upper graph in Fig | shows the
values after removal of zonal harmonic and lunisolar perturbations. These values,
denoted by Q' , should show the effects of air drag and of resonance orly. For
the fitting by THROE, it is convenient to define a revised value of e , e

rev
say, based on Q' . Thus

e = 1 -Q'/a |, (11)

rev




where a is the mean value of a during the orbit determinations.

To a first approximation the decrease in Q' due to drag at any stage in the
orbit determinations is given by 5H2n(e0/e) , where H 1is the density scale
height, e, the initial eccentricity and e 1its current value (corrected to

w = wo). On comparing values of e at similar values of « 1in Table 1, the
decrease in e between MJD 45595 and 45983 1is found to be by a factor 1.0112,
and, on taking H = 50 km, this gives a decrease of 0.28 km in Q' , which trans-

. . -7 .
lates into an average increase of almost exactly 10 per day 1n e . Thus a new

value of e , e* say, cleared of air drag, may be defined as

_7
] - - 1
¢ € oy 10 ' (¢t to) . (12)

(In practice the correction was taken as ~IN x 10 , where N 1is the orbit

number.)

The resulting values of e* were fitted by THROE with (v,q) = (1,1) and
(1,~-1). As with 1 , the first four values were omitted, and a number of the
standard deviations were relaxed. The two anomalous values at MID 46033 and
46037 (see Fig 1) were allocated standard deviations of 0.000!, and eight other
standard deviations which exceeded 2¢ were relaxed by a factor of 2. The over-

all measure of fit, e , then had the value 2.66: this is rather high, but not

. . . P |
unusually so, because values of € near 2 often arise when fitting eccentricity .

4.4 Fitting of i1 and e simultaneously

As both inclination and eccentricity required the (y,q) = (1,1) term, it
seemed best to fit them simultaneously with R.H. Gooding's SIMRES program. The
SIMRES fitting was made with (y,q) = (1,0),(1,1) and (1,-1) and the eccentricity
fitting was given a lower weighting, in accordance with the ratio of the values
of € in the THROE fittings for i and e : the weighting factor was 1.848.
The overall measure of fit for Lhe SIMRES fitting was 1.362, and the individual
values of ¢ for 1 and e were 1.32 and 2.96, as compared with 1.17 and 2.66
for the individual fittings. Thus the fittings are not much worse, and the com-
bined firting is to be recommended because the (y,q) = (1,1) term is significant
for both 1 and e , and SIMRES provides an 'average'. The values of the har-

monics that emerge are:
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00,2 020.2
10°c,, = 18.4 ¢ 15.8 10%5,0 = 26.3 ¢ 12.3
10931'l = 4.4 + 15.] loggl’] = -9.1 + 13.3 (13)
0 4o+ 1500, ’s IR ED :
1093-1’3= 14.5 + 8.7 109§_]’3 = 2.4t 11.2
27 2 8.7, 27 4 I

It may be noted tlat the values of (E,g)g;z in equations (10) are consistent

with those in (13).

The fittings of inclination and eccentricity are shown in Figs 4 and 5,
where the standard deviations indicated are those after relaxation. It will be
seen that in the combined fitting some of the residuals exceed 2¢ : for example
the residual for 1 at MJID 45734 is 3.1(= 2.3¢) . Further readjustment of the

relaxations was not attempted.

The values of C and S above have been given 'hats' (") to indicate that
they are the values emerging from SIMRES, in which the values of the G functions

in equations (8) and (9) are replaced by an approximation G . Thus if Ei’k is

the correct value we have

~ 24,k _a,k
G C = C C (14)
Zopoq m Eopoq m
Thus the values of C and S 1in equations (13) bave to be divided by
C G , values of which (always >1) have been obtained from the computer

/
Ropoq' LoPod
progfam GQUAD4. For an orbit of such high eccentricity as 1973-107B and such

high degree, the corrections are large: the three coefficients arising need to be

divided by 3.323, 2.014 and 2.009 respectively.

Thus the values given in equations (13) may be rewritten as

9052 9052
10°c,, = 5.5:4.8 , 10”8, = 7.9 + 3.7
1096]’l = 7.1t 7.5 10951’] = -4.5 % 6.6 (15)
. 7.5, 27 5+ 6. )
1096-]’3 = 7.2 % 4.3 105’5_[’3 = 1.2 5.6
27 S 27 e 2

These are the final values of the lumped harmonics derived from analvsis of

1973-107B.
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For eccentricity, further THROE runs were made in which the value of the

third zonal harmonic J3 was adjusted to minimize the value of ¢ , and € was

substantially reduced, from 2.66 to 1.85. However, this 'optimum—JB' run for e
and the THROE run for i , when combined in SIMRES, gave larger standard devia-
tions for the lumped harmonics than those in (15): so the values (15) are

preferred.

5 LUMPED HARMONICS IN TERMS OF INDIVTDUAL COEFFICIENTS Elm’glm

The lumped harmonics (E,g)g;k are expressible in terms of the individual
coefficients (E’g)lm by equations (6), and the computer program PROF evaluates
the Q functions with adequate accuracy if e 1is very small. For 1973~107B,

however, e * 0.087 and it is necessary to multiply each Qz’k by a correction

factor & , say, wherell ~
G S0 p.q G
g = .:_g’.P_q . __0—9_. = fT&Pﬂ. . (16)
G Gl P~g G
Lpq 070 Lpq

and f 1is the factor by which the lumped harmonics had to be multiplied, namely
0.3009, 0.4965 and 0.4978 respectively, for the three pairs of harmonics in
equations (15). Values of G‘qu/ékpq have been obtained from the computer pro-
gram GQUAD for values of 2 wup to 48 with e = 0.087 and the resulting values

of & are given in Table 3. It is apparent that £ departs greatly from | for
Table 3

Values of £ for 1973-107B with e = 0.087

q=20 q = *1

2 £ 2 £

28 1.000 27 1.000
30 1.152 29 1.098
32 1.331 31 1.212
34 1.543 33 1.341
36 1.792 35 1.490
38 2.085 37 1.662
40 2.432 39 1.858
42 2.840 41 2.084
44 3.321 43 2.344
46 3.889 45 2.642
48 4.560 47 2.986
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high values of £ . The resultiag expressions for the lumped harmonics in terms
of the individual coefficients, after the values of Q from PROF have been

multiplied by £ , are as follows:

Eg;z = 628,27 + 0.139‘630,27 - 0.319632,27 - 0.395634,27

- 0.256536’37 - 0.061538’27 + 0.089640,27 + 0.156642’27

+ 0.144644’27 , (17)
1,1 _ _ _ _
Ch; = Ty gy = 1-611Cy, 5, = 0.785C, . + 0.094Cqy 4,

+ 0.541635’27 + 0.535637’27 + 0.278539’27

- 0.013641,27 - 0.204643,27 - 0.25.5645’27 , (18)
L3 - _ -
Cpy = Cpy pq = 0.442C,0 o5 = 0.695C, . = 0.508C,, .,

- 0.188635,27 + 0.090637,27 + 0.244639,27 + 0.26864]’27

+ 0.196643’27 + 0.083645’27 . (19)

Similar equations apply for the S coefficients. Equation (17) has been termi-
nated after 9 terms at £ = 44 , after which no numerical coefficient exceeds 0.1.
Ten terms have been included for equations (18) and (19): in the neglected terms

(2 >45), no numerical coefficient exceeds 0.2.
6 DISCUSSION

6.1 Comparison with comprehensive gravity-field models

A number of recent comprehensive models of the gravity field give values of

< 28,27° ©30,27°""*%36,27
the lumped harmonic 0352 , and similarly for S . The models chosen for compari-

son are, as in previous such comparisons7’l', the Goddard Earth Model 10B

(GEM 10B, Ref 12), the 198! model of Rappl3, and the European GRIM3-L! (Ref 14).

which can be substituted into equation (17) to evaluate

The newer models GEM T| and GEM T2 are not included, because the values for




14

2 =28 to 36 are believed to be less reliable than for the other three models,
being based on satellite data only. The values of the lumped harmonics obtained
are given in Table 4.

Table 4

Values of lumped harmonics from 1973~107B and comprehensive models

0,2 9052 g_ls1 9151

9 - - -
10 C27 10 327 10 C27 10 527 10 C27 10 527

1973-107B 5.5+ 4.8 7.9 £3.,7 7.1 7.5 -4.5*6.6 7.2 4.3 1.2 * 5.6

GEM 10B -13.4 3.1 9.3 -1.0 6.5 0.6
Rapp 1981 -5.6 6.2 17.6 ~19.5 10.4 -8.7
GRIM 3-LlI -8.6 4.4 28.7 -16.8 15.6 -3.6

The estimated standard deviations of the values from the models in Table 4 are
mostly near *4 , slightly lower than those from the resonance. The values in
Table 4 vary rather widely, but over 507 differ by less than the sum of the
standard deviations, and the resonance values and GEMIOB agree particularly well,

2). The values from Rapp 1981 and

apart from the first coefficient (Eg;
GRIM3-L1 are very similar to each other (probably due to using similar terres-
trial gravity data in the solution), and in general do not agree well with the
resonance values, except for §2;2 , though all agree to within about twice the
sum of the standard deviations. Thus it can be said that the values from
1973-107B are broadly consistent with the models, but are not accurate enough to

provide any significant improvement on the models as a whole.

6.2 Geoid height accuracy

The error in geoid height implied by the standard deviations o of the
lumped harmonics may be roughly estimated as Ro/Q , where R 1is the Earth's

radius and Q = {E(Qg’k 15/22)2} , the summation runn%ng from 2. wup to the

0
the value of Q 1is

maximum &£ considered (44 or 45). For and S

el | ’
5 €27 27
1.09 and, with o = 4i3]x 10 as the average, the error in geoid height is

-1, -1

about 2.5 cm. For C27 and Sz; the value of Q is 1.75 and, with
o T g.l x 10 ° as the average, the error in geoid height is about 2.6 cm. For
C...  and 5-1’3 the value of Q is 1.26 and, with o = 5.0 x 10-9 as the

27 27
average, the error in geoid height is about 2.5 cm.
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6.3 General discussion

This analysis of 1973-107B is the first known attempt at determining lumped
harmonics of order 27 from an orbit passing through 27:2 resonance. However the
satellite was not ideal for the purpose, because perigee height was below 400 km
and hence drag effects were strong enough to carry the orbit through resonance
rather rapidly - about 8 times faster than in Walker's recent analysis of
1968-40B at 29:2 resonance7. The accuracy achieved here was therefore expe:zted
to be considerably poorer than in Walker's analysis, especially as the effects of
the resonance on an orbit are smaller when the satellite's altitude is greater.
This expectation is confirmed by the results: in Walker's analysis the best geoid
height accuracy was 0.5 cm (though the errors in some harmonics were much larger);

here the values are all near 2.5 cm.

The high eccentricity of the orbit also causes problems, and it is possible

that the q = #2 terms in equations (4) and (7) may be significant.

The results therefore show that analysis of 27:2 resonance is feasible, but
that a less eccentric orbit of considerably lower drag is needed to obtain values
of the lumped harmonics inat are much better than those available from the com-

prehensive models of the gravity field.
7 CONCLUSIONS

The orbit of 1973-107B has been analysed at 90 epochs from nearly 7400
observations, as it passed through 27:2 resonance between September 1983 and
December 1984. The orbital accuracy was good, corresponding to positional

accuracies of 130 m cross—track and 80 m in perigee distance.

The variations of inclination and eccentricity have been analysed to deter-
mine three pairs of lumped harmonics of order 27, with accuracies equivalent to
approximately 2.5 cm in geoid height. These accuracies are of the same order as
those of values obtainable from comprehensive gravity field models: to improve on
the latter values calls for an orbit of considerably lower drag than 1973-107B,

Ze having a perigee height well above 400 km.

Acknowledgments

I thank Desmond King~Hele for his help with the detailed analysis,
Martin Suttie for his work on the early orbit determinations and Bob Gooding for

roviding values of G
p g 2pq




16

90018

TR
¢ 9 1 - I t v 19
zecore fovy Yes oo | - agio 0} ze1c seny | 68'v | 9178z | s1g ez | tese-ts | ov9ew0t0 ccgatcins |or wer %6TLSY 02
: - .
88°%929 [9'w |66 w90 | - %1070 wch_.mmm< mh.m wm.am qu.mmm Mmmo.mu 611800 M_mm.m_QN sz wuer #9TLGY 6l
wi'v929 1976 oo ] s9t0 | - w__o.o Mmmo.mamq WM.m_ ww.0¢ “ha._mn wooo.ms Momswo.o lgv6rcrns |0z uer wallsy gy
£2°¢9¢9 [9°¢ (26| 6970 - wmoo,o mnma.qamq hn.wom ww.mm M@Q.mon Moma.mm mmommo.o Mmmo.o_qn (1 uer ey 1
£5°z919 |6°¢ [ c6| w90 | - “woo.o Mwmh.cawc M@.@N W..«N Wmo.o_m Mnmo.ms Mq_wwo.o m_nm.o_qh s uer wgol| wOLS% 91
1272909 {679 | 180 - Mooo.o mono.vmmq Mo.own Toze | ser-eze waa.mh MM_mwo.o 61€€-91%L | 67 T 16954 61
90299 |6w|ogisL0or - wmoo.c Mn_o.aowq ww.w__ "o.mm Wmo.mmm Wmmm.mh. mNrmmo.o wmm~.¢_qm AL 1695y 91
$2°2929 |6°w | €9( £9°0( - M wmoo.o mem.qmma wm.o<m mm.mo_ Mmo.qcm ﬂmma.nh wo~mwo.o wmm7.@*qh Lei o%a (8955 €1
t6zoeo [6vc 9] es0i - “moo.o wcmq.cqu Mm.wsw m_.w__ “m_.omm Mmmm.nn mm_mmo.o _Mmmm,a_«N“ PAREEL 0895y 1
[ 78°€929 | §°9 | €9 mm.om - w ﬂooo.o mmom.qmwc Mo.m mm.~m_ mwm.a mwwa.ms M“omwo.o mano.e_nn v g 795y 11
_ N :
_qo.mcﬂc STL L mm.om - w~oo.o WNNN.Qmwﬁ mm.om Wm._m_ Whu.mw Wmmm.mh wwﬁhmo.o wmmmh.o_YNW 5o aox 79957 01
£6°2929 | s s |ev)9to! - | esi0°0] 870 vesy |9 L01| 86°S91| vee 8e | Zz667€L | 06548070 qumm.o_1hm 91 Aox %495 6
. ) w 4 € . 1> 1> i . o st { € i )
96°89L9 | S | 29| v 0~ ! MmNo.o meo £689 wm 0s wm.wu_ wmq 0s mmmm £1 MHQNwo.o _M_Mﬁ.H_qm_ 6  aox Lv9sr 8
91049 | 9% | v mq.om - BLZ0°0] ¥89E°€68% | 6€760Z | 107061 81€°09 | 6886°€L | 1628070 | 9ccoL1tL mm Aoy 1995y ¢
ve 1Ly | €7s | LS qq.ow -~ Momo.o M.no.mmme Mo.o_ M_._ow Mm_.os wwwm.mN Mw_hmo.o Mmmmc.h_qNA 87 320 sE95y 9
wezees |ere | oe| 1eo! - M Mm_o.o Momh.mme Mq.m_m M_.q_m mos._w hmmm.MN M“ono.c MMOmn.m_qh {1z 320 829s% S
4 _ i .
e w19 |66 | 26| €c0 ! wmoo.o. wm_o.o wwoq.Nmmq mm.mou wm.onN wom.oo m~wm.m~ wqwomo.o i clgersinc {z1 390 61957 ¥
teese9 |6 | €6l 950 Mmoo.om mooo.o mmN_.waq m~.n¢~ Woe@4~ mmo.n__ mwmm.nN mqhomo.o _Mm_o.w_qh ¢ 0 6095y €
¥9°50910°9 ) 6L Sv0: - w 59000 9£00°268% | 65-9v¢ | ws-voz| o11°9z1| 79867€L |z22980°0 ,quo.o_qh ve des 1095y T
v
1975249 (979t 96l cero| - Mﬂoo.o NoNo._mmq Mo.¢m_ wh.mum wNm.nn_ mwma.nN Mmmcmo.o Ws_k.m_qm” g1 dos £861| S655Y 1
(e-ef g [ K| = B % " % - s 1 2 v 23ed am

SNOILIVIAZQ QUVANVIS HLIM ‘SHOOdd 06 AHL LV IENOON ¢ 410440V ¥0d SUALAAVEVA TVLIIGUO

¢ °149el

T




17

£S5 CLL9 6t )LL) €90 - Nmoo‘o MMNm.Nomq Mm.mm WN.QNN m_m.mm_ wwmo.mN M¢n@mo.o oMNm@.m_<N we ady 7185y O
10°%£¢9{0°2 179 | v¢0) - mwoo.o NM@N.Nowe wo.ﬁ_m mm.MHN w.m.mm_ woma.mN mchwo.o NMwe.m_<N 7z ady ¥2185%  6€
9z %L¢9 {61 { 00L{ £9°0) - Mwoo.o Mwmw.hmmc Mm.mq~ MN.NMN Mo_.Nq_ Mmmm.mh Wmuomo.o NMNN.M_qN 07 ady %0185y 8¢
96 9249 | LT LS | 1970 ~ wwoa.o me_.waq ma.__m ww‘NqN Mqo.ﬁq_ wwwm.mh “wmomo.o meh.m_¢~ L1 ady L08SY Lt
98°9LL9 (6°C | 001 €970 - Mwoo.o Mmm_.mamq M_.cw mq.mq~ Mmm._m~ MNmo.ms Mm_owo.o Mwmw.m_qu v ady ¥%08SY  9¢
8T°SLL9 | 6°€|S6 | L{S70f - Mmao.o wono.ummq MN.ww Mo.qu wﬁm.om_ Mmmm.mN "M_omo.o Nm_w.m_qN 11 xdv ¥1085%  S¢€
€L°SLL9 (6 os | $9°0[ - Mn.o.o mﬁna.oqu wm.oom Mm._oN Mum.mw_ womm.ns Mwoowo.o m_mo.q_QN L ady #[6LSY %€
svesLL9 [0y |06 | €L°0f - mu.o.o wmmm.ommq Mm.~m~ Mo.mom M__.oN~ wwmm.mh ww_omo.o “Mm_.«_qs g ady ¥E6LSy €€
78°S119 | 6°€ | SL | €970 - ww_o.c m“om.mmmq Mﬂ.m Mm.mNN Mom.oﬁ_ Mmmm.mm m",owo.o Mwom.q,qN 0f 1R 68LSY  T€
zstseL9 (67w | w8 | €970 ~ M__o.o wmem.ommq wm.w mm.mmu Mqo.cm_ w“ma.n“ Mw_ewo.o Mmqw.q_QN €z ek v8LSy it
guirsLalgs|o6 | €9°0f - M~_o.o Nmmq.oqu Mo.o MN.mam Mhn.ma_ Mwmm.mn meemo.o w«om.q_«N 07 IER 6LLSY Of
(S 9LL9 |8 v |60 | €970 - wooo.o M_Nm.oawq Mo.wmn Mo.qoa “_Q._QN Mwwm.nn Mwmwmo.o wﬂmo.q~qN ¢y oaey wLLSy 62
15°€LL9 | 67w | w8 | to0t - No_o.o M<NN.ommq mw.omm Mm.m_n w¢@.mom mmwm.mh qummo.o W.NN.q~QN 01 2K ¥69L57 82
L8°TLE9 [ 6°% | S8 | 970 - Mo,o.o mmmo.oqu Mm.mm. w“.mNM Mmm.m_m Mwma.mh wwm@wo.o Mmom.q_nh t ey [TEL A &
88 1L(9 |69 1L nn.om - M__o.o wmhm.mqu mm.on_ mq.qmm MeN.NNN mmwm.mN MmNomo.c mMmo_ﬂ_qN 8¢ qad 85LSY 9T
0S°0LL9 [ 0% | 0Y N@.om - m mmoo.o momw.mmwc hﬂ.mm_ Mh.mqm mQa.mmN Nmmm,nN wmoomo.o MNM_.m_qN €C 934 £€5LSY ST
€8°69L9 | 67% | v¢L “¢.ow - m wmoo.o Mmmu.mmmq Mm.oe_ Mo.mmm WMN.QQN M“mm.MN wwonc.o wo_m.m_qN” 81 q23 8%LSY 9T
79°89L9 {6°Y | 6L cw.o‘ - * Nq_o.o WNNo.mom< mm._c_ WN.N wo¢.~mm “mwo.mN MmNNmo.o MMmm.m_nN €1 qad €918y €T
£ £ 1> > 1> z € €

9v-1929 fo'5 | w8 | 8crol - | v110°0] 08567568y [ £87ENIL €711 | 00£°09T | 08867CL | €8ELBCTOL Lyt clsl § Q4 ¥8ELSE T
08°99L9 | 8°€ {00l L9070} ~ Mq_o.o WNme.mmmq mw._ mm.m_ me.noN wmmm.mh Mqumo.o m@wm.m_xu % Q23 t861| ¥%€1S% 1T
(r-1)e | @ N E mz Nz _z oz d 3 1 B © a3eq ark

(ponut3uod) 7 31qel

81006 ¥l

L ~




18

TR 90018

00°99:9| 0°9( 98| ts°0 - mqoo.o wqm_.m¢wq “m.mmm Mm.om “mm.¢_n mmma.mN WM_mmc.c mcmm.._qN z1 dny 526t Q9
1L°99L9 | 8°G} 06} S¥'0 - m~oo.o mcwo.oqu MN.Om M@.Nm "__.¢~m wooo.mN wHMch.o Mosm.__qN 9 3dny BILS 06
< +

88'¢9.9 | 8°6| 08| zs'0 -~ mmoo.o N_No.mmmq wm.oN_ wh.mq mco.cmm wmoa.mh whqmms.o ”:mo.__qn 1€ 1nr Tlesr e
€6°29(9 | 8°6| og| 050 - ﬂqoo.o mouo.womq “o,mom MN.am how.mcm mwwm.n MomNmo.o Mmoo.__¢N s¢ 1nr 906¢<" ¢
1777949 8°S( 8L €9°0 - moco.o wmmm.mmmq mo.mo WN.cN me.mmm wwwm.nN waNwo.o NCmo.N_qn 61 Ing 006S%  9¢
00°29.9) 0°9| 18] 970 ~ u__o.o Mo_m.wawq Mw.mc_ MN._w wﬁe.m Mﬁwm.MN, M_Nﬂmo.o MN@_.N_q“ g1 Inr v6HCT  <C
10°C9£9 1 0°9 | £9] sv'0 - «o_o.o mwwo.mmwc mm.mNm MN.N@ mcn.m_ Mﬁwm.MN NMNNwo.o Momm.m_ﬁh L Inr ¥8BECH €
61°29L9| 6°S] 69 6%°0 - mo_o.c mem.mowq Wm._o hm.mo_ wmq.mu mwwo.MN annwo.o N@Oc.m_qR i 1of c8ecr (¢
28°79L9( 69| €8] 1970 - Mo_o.o moNc.momq “m.w Mo.o__ Mmm.cm Mwmm.mN mmoﬂmo.o Momm.m_qn vz unp cIger T¢
79°€949 | 9°L] 68| 09°0 - m__o.o Moow.mqu mm.qmm Mm.o~_ MNm.oq Mwmm.mh mwmswo.o wN_N.N_qh [1 unp 898¢Y  1¢
v8°99L9 | LS| s8] 050 - mﬁoo.o moq_.wqu Mw.om_ “q.Nq_ Moo.mm wwoa.mn Muqﬂmo.o Mwa.N_qN 01 unr 198¢s  0¢
81°99.9| L°G] 98] ¥9°0 - mmoo.o wqmo.ammq mm.m_m Wm.mm_ mqa.ue Mwwa.nN mwmnmo.o qum.m_cﬂ y unp [34: 1SS
v6°99.9 | 9°v | 9L €570 - mmoc.o thm.nomq wm.wOM Mh.No_ Nm_.c“ M“mm.mﬁ MM_Nmo.o Nmoo.m_QN 0of Key ¥0S8<. 8%
L8919 LS| €L] 9570 M_oo.o- mmoo.o Mmom.nmme MN.ow Mm.mN_ Mﬁo.om Mwwm.nh wwoﬂmo.o MM__.m_qn AN TYRCYT %
0%°69L9 ) 8°S] 78| 1970 - Maoo.o wmmh.waq wo.q_m "o‘mm_ Mom.mm Nwwm.mn wmmowo.o mm¢~.m_q~ g1 Ler 8L8C: 9%
00°0LL9 | 09| €8] €570 - Nwoo.o mmmo.mmmq mm.mom mm.qm_ “oN.qo_ M@wm.MN meomo.o mmwm.m_qN €1 Aeg ¥(ERSY  ¢v
12°14L9 | 6°%| €L SS5°0 - wmoo.o Mowm.ﬂqu Mq.ﬁm_ wc.mow mq«.N__ mm@m.nn wmoowo.o wwoq.m.qN 3 Key 8I8¢y v
80°¢LL9] 6°€| SL| v5'0 - Mooo.o m_mm.ﬂmmq M_.hq Mo._JN “mo.m__ mem.MN M"mwmo.o M_mc.n_qﬂ v Aeg vegeT €
89-zLL9) 6°¢€| €L] 190 - Mooo.o meq.Nmmq Mo.NmN Mm.m_w Mwo.mm_ wowm.nu thQmo.o Mm_m.m_QN 0t 1dy ¥0C8Sy T
8Z°€LL9} 6°Z | L8] 09°0 - Mh_o.o Nwoe.hmmq WN.QNm W_.qNN mom.om_ wamo.mn Mwnowo.o Mwhm.n_QN (c 2dy 9861 =L18ST 1%
(>-1)e] a@ N E ot 4y gt ﬁﬁ m U T 2 e aieq ari

(penurjuod) z 9Iqel




19

¢
97 tLL9| €| €8 £y ol - mmoo.o MN__.oooc Ma.mN_ m_.NNN mmo.oo_ mwwo.MN hwooxo.o M¢¢m.0_¢u 8 4ON 7109% 0%
89°€LL9[ 9°%] 00! cso| - Mwoo.c w_ﬂo.oomv Mm.vm~ Mm._mm Nwm.hﬂ_ w“mm.MN mmomwo.o Nomw.o_¢N € AON £009% 6!
1g vLL9) L°g} €8 95°0) - M_oc.o m~qo.oom¢ Mﬂ.gmm M0.0MN mNo.mm_ momm.mu ”mmmmo.o MONm.o_qh 0f 3%0 €009y 8¢
88°%LL9| £*g| 00l s9°0f - Nqoo.o Mm_o.oomq Mm.qo_ “m.@«m Mmm.oo_ M_mm.nn mMmmmo.o mqqa.o_QR 9z 3%0 6665y LL
96°%LL9| L€ 00l 09°0| - Mmoc.o M_wm,oqu "N.QM mo.qmm MN_.no_ wmmm.mn wmmmmo.o MNmo.o_qh FAAR L] $66S% 9L
ozrsuL9l Lre| e zs'o| - Mmoo.o Wm«@.mom¢ WN.qo W@.mmm “No.NoN mqmm.nn wmnmwo.o wowo.,_qﬁ 61 220 z66SY </
"
¥ETGLL| LY | 86 8v 0] - Nnoo.b NN_m.mqu Mﬁ.qmm W..N@N Mﬂo.mcm NN@@.MN Mnﬂmwo.o w_mo.__QN SI 320 8865y %L
8v°SLL9| L€ 9L Sy ol - mqoo.o Mnow.ommq Ww.QNN wm.omm M.m.o_N Nmmm.mN Monmo.o M@mo.__qh 01 320 €865y ¢!
97°6LL9 ! L€ 08 ve ol - Mmoo.o Mm_m.mmmq me.m__ mo.qmm M_m.mNN wmwm.MN wommmo.o ch_.__qh 9 120 6L65Y UL
06" %wLL9| 6°%] €6 15°0| - Mmoo.o Mmoﬂ.mqu mm.om Mq.moN mcu._mu mem.mh wammo.o wNoN.__qN 1 390 Y1657 1L
ST vil9) 6°€] 98 6s°0f - mmoo.o Nnoﬂ.momq Mm.mmm %a.ocm Mmm.mMN WMmo.MN wmommo.o wmmN.__QN {7 dag *0L6S7 O
0L°€LL9] 6°€} €8 7570 - Nwoo.o Mmmo.mmmq wm.wm_“ "w.aoﬁ Mwa.qu mmwm.mN “moomo.o MNNM.__qN £z das ¥996SY 69
07" €LL9| 6°%] 001 €50l - Mooo.o moom.mqu Mm.CN_m MN.N__W MON.mmN mwwm.mN m”_mmo.o MoOQ.__¢N gl dag 1967 89
%8°2LL9 | 6°€ | 001 1v°0l - Mooo.o wm_m.mmm¢ Mm.mnmm mn. Wom.mmm wowo ot mw~owo.om wh¢q.~_cN 91 dag LS6SY 19
Pl Z [
00°ZLL91 679 | 001 6£°0| - mNoo.o Mmcq.mmmq Wﬂ.«o_m Wh. | wcc.ocm mwmm.mN WWNomo.om mmom.*ﬂqh 01 das ! £665% 99
w0 1LL9{ 07| (8 1S°0) ~ | 8Z10°0) 69/£°668Y m_‘mq~m ,o.nqmw 6v9°%LT | 8886°€L | 9Z%980°0 ; vE6ST11yL | & das 'ogvect <9
€.°69.9 | 6°€| T8 09°0( - WQoo.o Wu_m.mmmq Wﬂ.oqmw wq.cqmm W¢N._w~ mwmm.mN WMoomo.o m_mo.__qh 1 das w 9565y %Y
60°69L9 | 6°% | 88 $$°0| - | 0S00°0( 6£9Z°668Y wn.mmmw §L°8¢E, 16%7687 | 0166°€L | €0£980°0 | SSOL UInL ] (T Sny ;. 6£6SY €O
S50°89L9 | 6°v | Z8 v9°0| - Mmoo.o ﬂ_mm.mqu mo.m_mm mo.x W WMN.NON w"oo.nh Mhmomo.o Mmqu.ﬂ_qN zz 8ny vE6Sy 29
i >

76°99.9 | 679 | 26 g0l - mqoo.o Mmm~.mowq mo._cmﬁ ”m.m_ i mho.wom Mmmm.mN Mwoumo.o wan.__qN L1 3ny v861 | 676S% 19
(v~1)e} a [N s [ 28 N O . - 1 @ e 31eq arw

. .

(penutljuod) 7 aiqel

81006 ¥lL




20

TR 90018
(snoadop) s9811ad jo juswnae = m
(sAep) su0TIBAIASQO Yl Aq Paiaaod Wil = ¢ (s@2a4ap) apou HuTpuadST Jo uoTsuadse Y32 = i
paidadoe suOTIEA1ISQO JO JIqUNU = Y (soaa3ap) uvoTIRUTIIUL = 1
113 jo vanseam = L £319113U3993 = @
K 207 [ewwoukjod 3y3 Ul SIVITIVTIFIA0D 133e] = m:.ﬂz (wy) sixe Jolem Ywas = e
(Aep/®2133p) u UOTIOW UEBDW = ox Kep uvetlInr pRIJIPOW = (KW
(s22a18ap) ydoda je Lyewoue ueaw = N SUOTITAIDSGO vidWED 3I3ITMAH Jurulejuod $311Q10 = » L3y
€ 9 | i | I Pl Y
Gt %9(9[ LS| 08 | 850 2v00°0 | 8818°006% ) 66°SS1) 8% 01| 16%°96 | G€66°€L | 1L1L80°0] €8E1°0I%L ] TT 22 9509y 06
8 L 1> 1> t 6 S L
8776949 L°t| 6L (S°0 £600°0 [ LE9LT006Y | 90°cCl| TL 6%71( 8EL 901 | Z066°€L | O£0L80°0¢ LE617019L | L1 224 #5097 68
v L 1> > 1 8 11 L
876949} L°%| 68 | €570 6800°0| 7989°006% | L%°801] £6°8G1 | (86°C11]| €886 €L | 096980°0( 81LC 0ivL | Tl 23 *9%709% 88
v 8 I> > 1 8 4 8
70" (9L9) 8°%]| 06 | v$°0 £800°0{ ££19°006% | €2°G8 | %C°891 | SCC"iZl| OL86°CL | CI8980°0) BY%E 0INL | L 22Q *1%09% (8
6 4 1> 1> I 8 S 5
SC°69L9] 8°¢| I8 | 8L°0 0800°0 | 0ZT9S°006% | 10°€BC| S GL1 : SC8 LTI Q066°EL | TTC980°0 | OL1%5°01vL | € 2°a *L€09% 98
L 6 1> 1> i 6 6 6
86'69.49) 8°'t} 96 | 69°0 2800°0 ) SSG%°006% | 00" 121 00°€81 | SLy " vEl | 9686 €L | SL¥98C 0| I%0S 01%L | 6T AON *£209% S8
[4 v 1> 1> ! 1t Sl ki
€8°69.91 0°9! 86 | 6%°0 2600°0 | €2%£°006% { 86°86 | Y£°T6) | £€89°cH1 | 1LB6°CL | 89%980°0 | 1€19°01%L | ¥T AON 8709% ¥8
ki 9 1> 1> I 4] I 9
77 lLL9| 67| 18 | 9%°0 8L00°0 | OL%Z°006% | 1 LIT| €5°C0C | %85 C51 | 9L86°€L | 792980 0 TWIL 0I%L | 81 AON 77097 €8
4] 8 > 1> t 6 ol 8
69°1£L9] 0°Z] S9 | 0570 9100°0 ] ZZBI°006% | 6%°9LT| T1°60C | £€S"LS1 | 7886°¢L | 8£Z980°0 | S6LL°01%7L | SI AON #6109y I8
L 9 1 1 1 6 L 9
10°2LL9| 0°% | oOt]| 85°0 {£00°0 | 08SL°006% | 86°SEL| 69°vIC | 8Lv°T91 | 1066°€L | £61980°0 | 6€08°01%L | 21 AON %861 | ¥9109% 18
Z [ [}
(e-nel a N 3 R H N » 4 1 & e a3eq arw

(papniouod) g 81qel




.

21
REFERENCES
No. Author Title, etc
1 D.G. King-Hele The RAE table of Earth satellites 1957-1986.
D.M.C. Walker .
J.A. Pilkington Macmillan, London (1987)
AN, Winterbottom
H. Hiller
G.E. Perry
2 R.H. Gooding The evolution of the PROP6 orbit determination program,
and related topics.
RAE Technical Report 74164 (1974)
3 D.W. Scott ORES: a computer program for the analysis of residuals
from PROP.
RAE Technical Report 69163 (1969)
4 R.H. Gooding Explicit forms of some functions arising in the
D.G. King~Hele analysis of resonant satellite orbits.
Proe. Roy. Soe. Lond., A 422, 241-259 (1989)
5 W.M. Kaula Theory of satellite geodesy.
Blaisdell; Waltham, Mass ('966)
6 R.R. Allan Resonant effect on inclination for close satellites.
RAE Technical Report 71245 (1971)
[Also Planet. Space Sei., 21, 205-225 (1973)]
7 D.M.C. Walker Orbit determination and analysis of Cosmos 220 rocket
at resonance to evaluate 29th-order harmonics.
Planet. Space Set., 37, 351-362 (1989)
RAE Technical Report 88055 (1988)
8 G.E. Cook PROD, a computer program for predicting the develop-
ment of drag-free satellite orbits. Part |: Theory.
RAE Technical Report 71007 (1971)
Celestial Mechanics, 1, 301-314 (1973)
9 R.H. Gooding Lumped geopotential coefficients C and S
15,15 15,15
obtained from resonant variation in the orbit of

Ariel 3.
RAE Technical Report 71068 (1971)

TR 90018




22

No.

10

11

13

Author

D.G. King-Hele
D.M.C. Walker

D.G. King-Hele
D.M.C. Walker

F.J. Lerch
B.H. Putney
C.A. Wagner
S.M. Klosko
R.H. Rapp
C. Reigber
G. Balmino
H. Miller
W. Bosch

B. Moynot

REFERENCES (concluded)
Title, etc

Upper-atmosphere zonal winds from satellite orbit
analysis: an update.
Planet. Space Set., 36, 1085-1093 (1988)

Evaluation of 15th- and 30th-order geopotential
harmonic coefficients from 26 resonant satellite
orbits.

Planet. Space Set., 37, 805-823 (1989)

RAE Technical Report 88045 (1988)

Goddard Earth Models for oceanographic applications
(GEM 10B and 10C).
Marine Geodesy, 5, 145-187 (1981)

The Earth's gravity field to degree and order 180
using Seasat altimeter data, terrestrial gravity data,
and other data.

Ohio State University, Department of Geodetic Science

and Surveying, Report No.322 (1981)

GRIM gravity model improvement using Lageos (GRIM3-L1).

J. Geophys. Res., 90, 9285-9299 (1935)

81006 ¥L




Fig 1

00L9%

ﬁllllllllllllllllllllllllllllllIIlllllllllllllllIIlllllllllllIlllIIIIIlllIlIIIIlIIllIllIIIlIIIIIllIIllllllllllllllllllllﬂ\\

D ‘suostequnuad

sjuowley |BUOZ pue Jejos|un] JO |eAOW?ds Jaye pue ‘Z 3jqel woly (a-L)e o sanjep 1 Bi4

Aop uD!Inf paijipow - 830Q

00037 00657 00857 00459 00957
T T T T T T n T T T T T T T T T L Y T 09.9
L2 W0 BLINT o1 Jdy L uor £z dag
N mesl_ €861 .
= - 7948
" 1 8949
- 42449
8 4194498

o)
o ooooooo
s o o o
° "o g o o %o o o og 45449
R o o P 600 °
oo o0 o %o 0 o 0¥ ° o Op 000 ° 5
| o® (o] o o -
OOO o (o] [o) °
o o o o
o o° 00©°0 °
- ° 49449
1 1 i L 1 | L 1 L . . 1 A 1 i 1 ' 1 1 1
81006 ¥l

wy(a-1)0

Wy




Fig 2

@ J0o uopielepn Z Big4

Aop upin( paijipow - 2:0Q

81006

00097 0065 0085 00LGY
LI T ] T T T
LT 20 6L Inf 01 4dy | uDf

4

9861 4dy Q2
22UDUO0S21 7:/¢

N8




Fig 3

—_———————

suojieqinliad
2Zp pue oluowiey [eUOZ ‘JejOSIUN| JO [BAOWIAL JBljE UOlleU(dUl JO SanieA ¢ Bi4

ADp up!In payipow - ajoQ

0009Y 0065S% 008S"% 0045"% 0095"%
T T T T 1 T 1 1 T i
LT 30 6L INr 0L 4dy | uor gzdas
7861 £861 ?3.2
L 4986 €L
I _w 4886 €L
) —_—
o }
2}
5
S ) ; o
-066°€L ©
o
4 2
00 B
o
10]
* ~z66€L ©
4766 €L
4966 €L
1 i 1 1 I | i 1 U N SR
81006 ¥l




Fig 4

00l9"

(-G’ =

Aop uonnr paijipow - 310Qg
0065" 00857

00457

(b*4)
uum @ pue 1 jo Buly SIYWIS Ul AAIND PalY YUM uoneulIdu| jo sanjeA v Bid

0095

00097
T
L2330

T T L
6L \nr 0L 1dy

PRSI [ 1 1

T
L uor
7861

4 286°¢L

4 786°¢L

- 986°¢€L

4 886°¢L

-4 066 €L

-4 2¢66°€L

4 766°€L

4 966°¢L

4 866¢€L

saaJbap uo1iDUIIU

81006 il




(L0 0°L) = (bR)
yum @ pue | o Bumiy SIHWIS Ul dAIND pany yHm Ayomuesoe jo senjep s Big

w
o
T Aop uphnr paljipow - ajpQg
0ots" 00097 006" 008S"% 00457 00957
— Y . r - - T T T S1980°0
L2120 61 101 0L Jdy | uor

7861

L0000 n: 1000°0 #
5019800 8ii980°0

- 40¢980°0

L

A1id103ue03

* | N 0 $ |
|

4o0€980°0

81006 ¥l




REPORT DOCUMENTATION PAGE

Overall security classification of this page

UNLIMITED

As fur as possible this page should contain only unclassified information. If it is necessary to enter classified information, the box
above must be marked to indicate the classification, e.g. Restricted, Confidential or Secret.

F5910/1

1. DRIC Reference 2. Originator’s Reference 3. Agency 4. Report Security Classification/Marking

(to be added by DRIC) Reference
RAETR 90018 UNLIMITED

5. DRIC Code for Originator 6. Originator (Corporate Author) Name and Location

7673000W Royal Aerospace Establishment, Farnborough, Hants, UK

Sa. Sponsoring Agency’s Code 6a. Sponsoring Agency (Contract Authority) Name and Location

T

7. Title Orbit determination and analysis for Aureole 2 rocket at 27:2 resonance

7a. (For Translations) Title in Foreign Language

7b. (For Conference Papers) Title, Place and Date of Conference

¥, Author 1. Surname, Initials | 9a. Author 2 9b. Authors 3,4 ... 10. Date Pages  Refs

fWinterbottom, AN. February

i 1990 27 14

11 Contract Number 12. Period 13. Project 14. Other Reference Nos.
SS 11

13 Distribution statement
(1} Controlled by —

(b) Special limitations (if any) —
If it is intended that a copy of this document shall be released overseas refer to RAE Leaflet No.3 to Supplement 6 of
MOD Manual 4.

16. Descriptors (Keywords) (Descriptors marked * are seiected from TEST)

Orbital determination. Orbit analysis. Geopotential harmonics.
Satellite orbits. Resonance.

17. Abstract
Aureole 2 rocket (1973-107B) was launched on 26 December 1973 into an orbit of
" inclination 74° and eccentricity 0.1 and has an estimated lifetime of 30 years. The
orbit has been determined from observations for 90 epochs between September 1983 and
December 1984, during which time the orbit was expected to be influenced signifi-
! cantly by the effects of 27:2 resonance with the Earth's gravitational field: exact
resonance occurred on 28 April 1984, The observations numbered nearly 7400, of
which 344 were from the Hewitt cameras of the University of Aston which are sited at
| Herstmonceux in England, and Siding Spring in Australia. The orbital inclination
and eccentricity of the orbits derived had standard deviations corresponding on
l average to positional accuracies of 130 m cross-track and 80 m in perigee distance.

The variations in inclination and eccentricity have been analysed individually
to determine values of two pairs of lumped harmonics of order 27 from each para-
meter; when these parameters were fitted simultaneously they gave three pairs of

BaEmonics with stapdard deviations corresponding to accuracies of approximately




